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Abstract: The last decade has been dense with new developments in the search for the sources of Galactic cosmic
rays. Some of these developments have confirmed the tight connection between cosmic rays and supernovae in our
Galaxy, through the detection of gamma rays and the observation of thin non-thermal X-ray rims in supernova
remnants. Some other, such as the detection of features in the spectra of some chemicals opened new questions on
the propagation of cosmic rays in the Galaxy and on details of the acceleration process. Here I will summarize
some of these developments and their implications for our understanding of the origin of cosmic rays. I will also
discuss some new avenues that are being pursued in testing the supernova origin of Galactic cosmic rays.
Keywords:
1 Introduction
The 33rd International Cosmic Ray Conference took place
one year after the hundredth anniversary of the discovery
of Cosmic Rays (CRs). Hence it held sort of a symbolic
meaning, in terms of trying to make the point of where we
are and we are going in searching for the sources of CRs.
The flux of all nuclear components present in CRs
(the so-called all-particle spectrum) is shown in Fig. 1.
At low energies (below ∼ 30 GeV) the spectral shape
bends down, as a result of the modulation imposed by the
presence of a magnetized wind originated from our Sun,
which inhibits very low energy particles from reaching
the inner solar system. At the knee (EK = 3× 1015 eV)
the spectral slope of the differential flux (flux of particles
reaching the Earth per unit time, surface and solid angle,
per unit energy interval) changes from ∼−2.7 to ∼−3.1.
There is evidence that the chemical composition of CRs
changes across the knee region with a trend to become
increasingly more dominated by heavy nuclei at high energy
(see [1] for a review), at least up to ∼ 1017 eV. At even
higher energies the chemical composition remains matter of
debate. Recent measurements carried out with KASCADE-
GRANDE [2] reveal an interesting structure in the spectrum
and composition of CRs between 1016 and 1018 eV: the
collaboration managed to separate the showers in electron-
rich (a proxy for light chemical composition) and electron-
poor (a proxy for heavy composition) showers and showed
that the light component (presumably protons and He, with
some contamination from CNO) has an ankle like structure
at 1017 eV. The authors suggest that this feature signals the
transition from Galactic to extragalactic CRs (in the light
nuclei component). The spectrum of Fe-like CRs continues
up to energies of∼ 1018 eV, where the flux of Fe and the flux
of light nuclei are comparable. Similar results were recently
put forward by the ICETOP collaboration [3]. This finding
does not seem in obvious agreement with the results of
the Pierre Auger Observatory [4], HiRes [5] and Telescope
Array [6], which find a chemical composition at 1018 eV
that is dominated by the light chemical component.
The presence of a knee and the change of chemical
composition around it have stimulated the idea that the
bulk of CRs originates within our Galaxy. The knee could
for instance result from the superposition of cutoffs in the
different chemicals as due to the fact that most acceleration
processes are rigidity dependent: if protons are accelerated
in the sources to a maximum energy Ep,max ∼ 5× 1015
eV, then an iron nucleus will be accelerated to EFe,max =
26Ep,max ∼ (1− 2)× 1017 eV (it is expected that at such
high energies even iron nuclei are fully ionized, therefore
the unscreened charge is Z = 26). A knee would naturally
arise as the superposition of the cutoffs in the spectra of
individual elements (see for instance [7, 8, 9]).
The apparent regularity of the all-particle spectrum in
the energy region below the knee is at odds with the recent
detection of features in the spectra of individual elements,
most notably protons and helium: the PAMELA satellite
has provided evidence that both the proton and helium
spectra harden at 230 GV [10]. The spectrum of helium
nuclei is also found systematically harder than the proton
spectrum, through only by a small amount. The slope of
the proton spectrum below 230 GeV was measured to be
γ1 = 2.89±0.015, while the slope above 230 GeV becomes
γ2 = 2.67±0.03. The slopes of protons and helium spectra
at high energies as measured by PAMELA appear to be in
agreement with those measured by the CREAM experiment
[11] at supra-TeV energies. Some evidence also exists for a
similar hardening in the spectra of heavier elements [11].
During this ICRC, some preliminary data from the AMS-
02 experiment on the International Space Station have been
presented (see presentation by S. Ting). This data do not
confirm the existence of the spectral breaks in the protons
and helium spectra, as observed by PAMELA. Given the
preliminary nature of these data and the lack of refereed
publications at the time of writing of this paper, I cannot
comment further on their relevance.
The measurement of the ratio of fluxes of some nuclei
that can only be produced by CR spallation and the flux
of their parent nuclei provides the best estimate so far of
the amount of matter that CRs traverse during their journey
through the Galaxy. In order to account for the observed
B/C ratio, CRs must travel for times that exceed the ballistic
time by several orders of magnitude before escaping the
Galaxy (this number decreases with energy). This is the best
argument to support the ansatz that CRs travel diffusively
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Figure 1: Spectrum of cosmic rays at the Earth (courtesy
Tom Gaisser). The all-particle spectrum measured by dif-
ferent experiments is plotted, together with the proton
spectrum. The subdominant contributions from electrons,
positrons and antiprotons as measured by the PAMELA ex-
periment are shown.
in the Galactic magnetic field [12]. A similar conclusion
can be drawn from the observed flux of some unstable
isotopes such as 10Be [13]. The decrease of the B/C ratio
with energy per nucleon is well described in terms of a
diffusion coefficient that increases with energy.
In principle a similar argument can be applied to the
so-called positron fraction, the ratio of fluxes of positrons
and electrons plus positrons, Φe+/(Φe+ +Φe−), where
however special care is needed because of the important
role of energy losses for leptons. In first approximation, it
is expected that positrons may only be secondary products
of inelastic CR interactions that lead to the production and
decays of charged pions. In this case it can be proved that
the positron fraction must decrease with energy. In fact
several past observations, and most recently the PAMELA
measurements [14] and the AMS-02 measurement [15],
showed that the positron fraction increases with energy
above ∼ 10 GeV. This anomalous behaviour is not reflected
in the flux of antiprotons [16]: the ratio of the antiprotons
to proton fluxes Φ p¯/Φp is seen to decrease, as expected
based on the standard model of diffusion. Although the
rise of the positron fraction has also been linked to dark
matter annihilation in the Galaxy, there are astrophysical
explanations of this phenomenon that can account for the
data without extreme assumptions (see the review paper by
[17] for a careful description of both astrophysical models
and dark matter inspired models).
The simple interpretation of the knee as a superposition
of the cutoffs in the spectra of individual elements, as
discussed above, would naively lead to the conclusion that
the spectrum of Galactic CRs should end at ∼ 26EK . 1017
eV. Clearly this conclusion is not straightforward: some
rare type of sources may in principle be able to accelerate
CRs to larger energies while leaving the interpretation of
the knee unaffected, though changing the energy at which
Galactic CRs end. This opens the very important question
of where should one expect the transition to extragalactic
CRs to take place. Although in the present review I will only
occasionally touch upon the problem of ultra high energy
cosmic rays (UHECRs), it is important to realize that the
quest for their origin is intimately connected with the nature
of the transition from Galactic CRs to UHECRs.
At the time of the writing, there is rather convincing
and yet circumstantial evidence that the bulk of CRs are
accelerated in supernova remnants (SNRs) in our Galaxy, as
first proposed by [18, 19]. The evidence is based on several
independent facts: gamma rays unambiguously associated
with production of neutral pions have been detected from
several SNRs close to molecular clouds [20, 21]; the gamma
ray emission detected from the Tycho SNR [22, 23] also
appears to be most likely of hadronic origin [24, 25]; the
bright X-ray rims detected from virtually all young SNRs
(see [26, 27] for a recent review) prove that the local
magnetic field in the shock region has been substantially
amplified, probably by accelerated particles themselves, due
to streaming instability (for recent reviews see [28, 29, 30]).
Despite all this circumstantial evidence, no proof has been
found yet that SNRs can accelerate CRs up to the knee
energy.
Charged particles can be energized at a supernova shock
through diffusive shock acceleration (DSA) [31, 32, 33, 34,
35]. If SNRs are the main contributors to Galactic CRs, an
efficiency of ∼ 10% in particle acceleration is required (see
§2). The dynamical reaction of accelerated particles at a
SNR shock is large enough to change the shock structure,
so as to call for a non-linear theory of DSA [36]. Such a
theory should also be able to describe the generation of
magnetic field in the shock region as due to CR-driven
instabilities [37, 38, 39], although many problems still need
to be solved.
The combination of DSA and diffusive propagation in
the Galaxy represents what I will refer to as the supernova
remnant paradigm. Much work is being done at the time
of this review to find solid proofs in favor or against this
paradigm. I will summarize this work here.
In this review I will summarize some recent observa-
tional results and their possible interpretations. The paper is
structured as follows: in §2 I summarize the main develop-
ments in the SNR paradigm for the origin of Galactic CRs.
In §3 I briefly discuss the evidence for spectral breaks and
their possible interpretations in terms of acceleration and
propagation. In §4 I will discuss some recent developments
in the study of CR acceleration in SNRs in terms of obser-
vations of Balmer lines from the shock region. A summary
is provided in §5.
2 Status of the SNR paradigm
The SNR paradigm is based on the fact that CRs may be
accelerated in SNRs with an efficiency of the order of
∼ 10% through diffusive shock acceleration (DSA). CRs
accelerated in SNRs reach the Earth after energy dependent
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diffusive propagation in the Galaxy, which results in a
ratio of secondary to primary nuclei (for instance B/C) that
decreases with energy per nucleon at E/n> 10 GeV/n. In
this energy region the scaling with energy can be easily
shown to be the same as X(E) where X(E) ∝ 1/D(E) is
the grammage and D(E) is the diffusion coefficient for
particles with energy E. If one writes D(E) ∝ Eδ , the
slope of the B/C ratio tells us the value of δ , and the
normalization of the B/C ratio tells us about the grammage
at the reference energy. In general, for relativistic energies
of the propagating particles, diffusive transport of particles
injected with a spectrum Q(E) ∝ E−γ leads to a spectrum
at the Earth which is n(E) ∝ E−γ−δ . This rule of thumb is
very useful to derive several interesting constraints.
In the context of the test particle theory of particle accel-
eration at a strong shock, the spectrum of accelerated parti-
cles is Q(E)∼ E−2 (in terms of the distribution function in
momentum the injection would be Q(p)∼ p−4); since the
observed spectrum has a slope ∼ 2.7, the rule γ+δ = 2.7
implies that the required diffusion coefficient should scale
as D(E) ∝ E0.7. The process of diffusive particle accelera-
tion at a shock when the dynamical reaction of the accel-
erated particles is taken into account is described by the
non-linear theory of DSA (NLDSA) (see [36] for a review).
The main predictions of NLDSA are the following: 1) the
spectrum of accelerated particles is no longer a power law,
and becomes concave, namely steeper than p−4 at low en-
ergies (p . 10mpc) and harder than p−4 at high energies
(namely harder than E−2 in terms of kinetic energy). 2)
Conservation of energy and momentum across the shock,
including accelerated particles, implies that since part of
the ram pressure of the upstream plasma gets converted
into accelerated particles, there is less energy available for
conversion into thermal energy of the background plasma,
therefore the temperature of the downstream gas is lower
than expected in the absence of accelerated particles. 3)
The super-alfvenic drift of accelerated particles with the
shock results in several CR-induced plasma instabilities,
that may facilitate the process of particle acceleration by
creating the scattering centers necessary to shorten the ac-
celeration time and reach higher energies. In the absence
of this phenomenon it is easy to show that the maximum
energy achievable in a SNR is in the GeV range, rather than
close to the knee, as observations require.
The first two effects are illustrated well in Fig. 2 (from
[40]) where I show the spectrum (thermal plus non-thermal)
of the particles in the shock region for a shock Mach number
M0 = 10 (solid line), M0 = 50 (dashed line) and M0 = 100
(dotted line). The thermal component is assumed to have
a Maxwellian shape. Increasing the Mach number of the
shock the acceleration efficiency is shown to increases, so
that the spectra become increasingly more concave (the
dynamical reaction of accelerated particles increases). At
the same time, the peak of the thermal distribution moves
leftward, namely the background plasma becomes colder
for larger CR acceleration efficiency. The vertical dashed
line in Fig. 2 shows the position of the thermal peak for a
shock that does not accelerate CRs.
One can appreciate that the spectrum of accelerated
particles at high momenta becomes harder than p−4 (namely
harder than E−2). It follows that the value of δ required to
fit observations when NLDSA is used is even larger than
0.7. Realistic calculations [41] find δ ' 0.75.
In both cases of DSA and NLDSA the injection spectrum
is expected to be at least as hard as E−2 at high energy. The
Figure 2: Particle spectra (thermal plus non-thermal) at a
CR modified shock with Mach number M0 = 10 (solid line),
M0 = 50 (dashed line) and M0 = 100 (dotted line). The
vertical dashed line is the location of the thermal peak as
expected for an ordinary shock with no particle acceleration
(this value depends very weakly on the Mach number, for
strong shocks). The plasma velocity at upstream infinity
is u0 = 5× 108 cm/s, pmax = 105mpc and the injection
parameter is ξ = 3.5 [40].
correspondingly large value of δ implies an exceedingly
large anisotropy [42, 68] which suggests that probably our
descriptions of either particle acceleration or anisotropy are
unsatisfactory.
In the last few years several SNRs have at last been
detected in gamma rays, often from the GeV to the TeV
energy range. This gamma ray emission is the result of
inverse Compton scattering of electrons and pion production
in inelastic hadronic collisions. The latter process has
been viewed for a long time as the smoking gun of CR
acceleration in SNRs. [43] pointed out that the CR spectra
inferred from gamma ray observations of a sample of SNRs
is substantially steeper than the prediction of NLDSA (and
of DSA as well). This finding suggests that the problem
discussed above might be in our understanding of the
process of particle acceleration. Indeed, we are aware of
several effects that should go in the direction of making
spectra of CRs injected by SNRs into the ISM steeper. We
discuss these effects below, but it is important to keep in
mind that none of these effects is currently totally under
control from the theoretical point of view.
If the velocity of the scattering centers [44, 45] responsi-
ble for particles’ diffusion around the shock surface is large
enough, the spectra of accelerated particles can become ap-
preciably steeper, since the relevant compression factor is
not the ratio of the upstream and downstream fluid veloc-
ities, but rather the ratio of the upstream and downstream
velocity of the scattering centers, as seen in the shock frame.
This effect depends on the helicity of the waves responsible
for the scattering, and may in principle lead to a hardening
of the spectrum rather than a steepening. In turn the helicity
of the waves depends on numerous aspects of wave produc-
tion which are very poorly known and are hardly accessible
observationally.
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Figure 3: CR spectrum injected in the ISM by a SNR ex-
panding in a medium with density n0 = 0.1 cm−3, tempera-
ture T0 = 105 K and injection parameter ξin j = 3.9 (from
[45, ]). The dashed line shows the escape of particles from
upstream, the dash-dotted line is the spectrum of particles
escaping at the end of the evolution. The solid line is the
sum of the two. The escape boundary is located at 0.15Rsh.
A very important point to keep in mind is that the spec-
trum of accelerated particles as calculated at any given time
at a SNR shock is not the same as the spectrum of parti-
cles leaving the remnant to become CRs. The process that
connects the accelerated particles with CRs is the escape
of particles from the accelerator [46]. The understanding
of this process is one of the most challenging aspects of
the SNR paradigm. During the Sedov-Taylor phase of the
expansion of a SNR, particle escape can only occur at mo-
menta close to the maximum momentum reached at that
given time. For an observer outside the remnant the escape
flux is strongly peaked at pmax(t). On the other hand, this
escape flux becomes close to a power law ∼ E−2 once it
is integrated in time [45, 44], and its slope has no connec-
tion with the slope expected from DSA. Non-linear effects
make the spectrum of escaping particles somewhat harder
than E−2. The accelerated particles that are advected down-
stream of the shock lose energy adiabatically and can leave
the remnant only when the SNR shock disappears. The total
escape flux from a SNR was calculated in the context of
NLDSA [45, 44] and leads to spectra such as the one in
Fig. 3, where the dashed line is the time-integrated escape
spectrum from upstream and the dash-dotted line shows
the flux of particles escaped after the shock disappearance,
again integrated over the history of the remnant.
One can notice that the overall spectrum is somewhat
steeper than E−2 although the spectrum calculated at any
given time would be concave. It is also important to appre-
ciate the importance of the escape from upstream: in the
absence of this phenomenon the escape flux would have a
cutoff at much lower energies (dot-dashed line), because of
adiabatic losses during the expansion of the remnant. The
fact that the escape flux is steeper than the instantaneous
spectra alleviates but does not solve the problem of the
anisotropy discussed above. Moreover, since the CR spec-
trum inferred from gamma ray observations is very close
to the instantaneous spectrum of accelerated particles, the
above considerations on escape do not affect the problem
of the comparison of NLDSA with gamma ray observations
[43].
As mentioned above, arguably the most crucial aspect of
NLDSA is the phenomenon of magnetic field amplification.
There are two aspects of this problem: 1) magnetic field
amplification is required in order to explain the thin non-
thermal X-ray rims observed in virtually all young SNRs;
2) the phenomenon is also likely to be related with the
need for enhanced scattering of particles close to the shock
surface. If to use only the pre-existing ISM turbulence, the
maximum energy of accelerated particles would be bound
to be exceedingly low, and certainly much lower than the
knee energy.
There are ways to amplify the magnetic field (possibly
providing an explanation of the X-ray rims) while not
appreciably affecting the confinement time of particles at
the shock. For instance, magnetic field amplification can
be due to plasma related phenomena [47] if the shock
propagates in an inhomogeneous medium with density
fluctuations δρ/ρ ∼ 1. While crossing the shock surface
these inhomogeneities lead to shock corrugation and to the
development of eddies in which magnetic field is frozen.
The twisting of the eddies may lead to magnetic field
amplification on time scales∼ Lc/u2, where Lc is the spatial
size of these regions with larger density and u2 is the plasma
speed downstream of the shock. Smaller scales also grow so
as to form a power spectrum downstream. This phenomenon
could well be able to account for the observed thin X-ray
filaments. The acceleration time for particles at the shock is
however not necessarily appreciably reduced in that no field
amplification occurs upstream of the shock. It turns out that
this mechanism may be effective in accelerating particles in
the cases where the initial magnetic field is perpendicular
to the shock normal. It seems unlikely however that this
scenario, so strongly dependent upon the geometry of the
system, may lead to a general solution of how to reach the
highest energies in Galactic CRs, although this possibility
definitely deserves more attention.
A more interesting possibility, that may address at the
same time the problem of magnetic field amplification and
that of making particle acceleration faster, is related to CR
induced magnetic field amplification.
It has been known for quite some time that the super-
Alfve´nic streaming of charged particles in a plasma leads
to the excitation of an instability [48]. The role of this
instability in the process of particle acceleration in SNR
shocks was recognized and its implications were discussed
by many authors, most notably [49] and [50]. The initial
investigation of this instability led to identify as crucial
the growth of resonant waves with wavenumber k = 1/rL,
where rL is the Larmor radius of the particles generating
the instability. The waves are therefore generated through
the collective effect of the streaming of CRs but can be
resonantly absorbed by individual particles thereby leading
to their pitch angle diffusion. The resonance condition,
taken at face value, would lead to expect that the growth
stops when the turbulent magnetic field becomes of the same
order as the pre-existing ordered magnetic field δB∼ B0,
so that the saturation level of this instability has often been
assumed to occur when δB/B∼ 1. [51, 52] used this fact
to conclude that the maximum energy that can possibly be
reached in SNRs when the accelerated particles generate
their own scattering centers is . 104− 105 GeV/n, well
below the energy of the knee. Hence, though the streaming
instability leads to an appealing self-generation of the waves
responsible for particle diffusion, the intrinsic resonant
nature of the instability would inhibit the possibility to reach
sufficiently high energy. It is important to notice that the
Cosmic ray physics
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
problem with this instability is not the time scale, but again
the resonant nature that forces δB/B∼ 1.
For simplicity let us consider the case of a spectrum of
accelerated particles coincident with the canonical DSA
spectrum fCR,0(p) ∝ p−4 for γmin ≤ p/mpc≤ γmax. When
the CR efficiency is small, namely when the condition
nCR
ni
 v
2
A
Vshc
(1)
is fulfilled [49, 50], it is easy to show that Alfve´n waves are
excited (namely Re [ω]≈ kvA) and their growth rate is:
Im [ω] (k)≡ ωI(k) = pi8Ω
∗
p
Vsh
vA
nCR(p> pres(k))
ni
. (2)
As an order of magnitude the density of CRs can be related
to the efficiency of CR acceleration as nCRni ≈
3ξCR
γminΛ
(
Vsh
c
)2
,
where γmin∼ 1 is the minimum Lorentz factor of accelerated
particles and Λ= ln(γmax/γmin), γmax being the maximum
Lorentz factor. Eq. 1 becomes then
ξCR γminΛ3
(
vA
Vsh
)2 c
Vsh
≈ 8×10−4
(
Vsh
5×108cm/s
)−3
,
(3)
which is typically much smaller than the value ξCR ∼ 10%
which is required of SNRs to be the sources of the bulk of
Galactic CRs. It follows that in phases in which the SNR
accelerates CRs most effectively the growth rate proceeds
in a different regime.
In such regime, that occurs when Eq. 1 is not fulfilled,
the solution of the dispersion relation for krL,0 ≤ 1, namely
for waves that can resonate with protons in the spectrum of
accelerated particles (γ ≥ γmin) becomes:
ωI ≈ ωR =
[
pi
8
Ω∗pkVsh
nCR(p> pres(k))
ni
]1/2
. (4)
Since nCR(p> pres(k))∝ p−1res ∼ k, it follows that ω ∝ k for
krL,0 ≤ 1, but the phase velocity of the waves vφ =ωR/k
vA. The fact that the phase velocity of these waves exceeds
the Alfve´n speed may affect the slope of the spectrum of
particles accelerated at the shock, as discussed above.
Even neglecting damping, and requiring that the satura-
tion of the process of magnetic field amplification is solely
due to the finite advection time, one can easily show that
in both regimes described above at most one can achieve
δB/B0 ∼ 1, that falls short of solving the problem of reach-
ing the knee by more than one order of magnitude.
[53, 54] noticed that when the condition in Eq. 1 is
violated, namely when
ξCR >
γminΛ
3
(
vA
Vsh
)2 c
Vsh
, (5)
the right hand polarized mode develops a non-resonant
branch for krL,0 > 1 (spatial scales smaller than the Larmor
radius of all the particles in the spectrum of accelerated par-
ticles), with a growth rate that keeps increasing proportional
to k1/2 and reaches a maximum for
k∗rL,0 =
3ξCRγmin
Λ
(
Vsh
vA
)2 Vsh
c
> 1, (6)
which is a factor (k∗rL,0)1/2 larger than the growth rate of
the resonant mode at krL,0 = 1. This non-resonant mode
has several interesting aspects: first, it is current driven,
but the current that is responsible for the appearance of
this mode is the return current induced in the background
plasma by the CR current. The fact that the return current
is made of electrons moving with respect to protons is
the physical reason for these modes developing on small
scales (electrons in the background plasma have very low
energy) and right-hand polarized. Second, the growth of
these modes, when they exist, is very fast for high speed
shocks, however they cannot resonate with CR particles
because their scale is much smaller than the Larmor radius
of any particles at the shock. On the other hand, it was
shown that the growth of these modes leads to the formation
of complex structures: flux tubes form, that appear to be
organized on large spatial scales [55] and ions are expelled
from these tubes thereby inducing the formation of density
perturbations.
The problem of particle acceleration at SNR shocks in
the presence of small scale turbulence generated by the
growth of the non-resonant mode was studied numerically
in [56], where maximum energies of the order to 105 GeV
were found, as a result of the fact that at the highest energies
the scattering proceeds in the small deflection angle regime
D(p)∝ p2. This finding reflects the difficulty of small scale
waves to resonate with particles, irrespective of how fast
the modes grow.
Recently it was proposed that the growth of the fast non-
resonant mode may in fact also enhance the growth of waves
with krL,0 < 1 [57, 58]. If this process were confirmed by
numerical calculations of the instability (current calcula-
tions are all carried out in the quasi-linear regime), it might
provide a way to overcome the problem of inefficient scat-
tering of accelerated particles off the existing turbulence
around SNR shocks.
The non-linear development of CR induced magnetic
field amplification is likely to be much more complex than
illustrated so far. While there is no doubt that the small
scale non-resonant instability [53] is very fast, provided
the acceleration efficiency is large enough, the question of
what happens to these modes while they grow remains open.
Both MHD simulations [53] and Particle-in-Cell simula-
tions of this instability [59] show how the growth leads to
the development of modes on larger spatial scales. In recent
numerical work [55, 60] it has been shown that the current
of CRs escaping the system induces the formation of fila-
ments: the background plasma inside such filaments gets
expelled from the filaments because of the ~J×~B force. Dif-
ferent filaments attract each other as two currents would and
give rise to filaments with larger cross section. Interestingly
this instability, that might be a natural development of the
Bell’s instability to a strongly non-linear regime, leads to
magnetic field amplification on a spatial scale comparable
with the Larmor radius of particles in the CR current. How-
ever, since the current is made of particles that are trying
to escape the system, the instability leads to a sort of self-
confinement. The picture that seems to be arising consists
in a possibly self-consistent scenario in which the highest
energy particles (whichever that may be) generate turbu-
lence on the scale of their own Larmor radius, thereby al-
lowing particles of the same energy to return to the shock
and sustain DSA [61, 62].
In Ref. [61] the authors estimated the current of particles
escaping at pmax as a function of the shock velocity and con-
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cluded that the rate of growth of the instability is such as to
allow young SNRs to reach ∼ 200 TeV energies for shock
velocity Vsh ∼ 5000 km/s (typical of SNRs such as Tycho),
falling short of the knee by about one order of magnitude.
A possible conclusion of this study might be that SNRs
with an even larger velocity (therefore much younger) may
be responsible for acceleration of PeV CRs. The issue of
whether such young SNRs may have plowed enough mate-
rial (and therefore accelerated enough particles) to account
for the actual fluxes of CRs observed at Earth remains to be
addressed. It is worth recalling that the argument discussed
above, if applied to scenarios involving SNe type Ib,c where
it has been speculated that the maximum rigidity may be as
high as ∼ 1017 V [44], imply considerably lower maximum
energies. Future detection of CR protons of Galactic origin
in such high energy region would be hardly reconcilable
with DSA in SNRs of any type.
Recent gamma ray observations of SNRs have provided
us with a powerful test of the SNR paradigm for the
origin of CRs. There is no lack of evidence of CR proton
acceleration in SNRs close to molecular clouds (MC),
that act as a target for hadronic interactions resulting in
pion production. Recently the AGILE [73, 74, 73] and
Fermi-LAT [75, 20, 76, 77, 78] collaborations claimed
the detection of the much sought-after pion bump in the
gamma ray spectrum. This spectral feature confirms that
the bulk of the gamma ray emission in these objects is
due to pp→ pi0→ 2γ . These cases, besides confirming the
existing accelerated hadrons, are very important indicators
of CR propagation around the sources [79, 80, 81, 82, 83].
On the other hand, not much can be learnt from SNRs close
to MCs on the acceleration of the bulk of CRs in the Galaxy,
since such SNRs are usually not young and the maximum
energies not very high.
In this perspective, the cases of young individual SNRs
are more instructive. The first clear detection of TeV gamma
ray emission from a relatively young SNR came from
the SNR RXJ1713.7-3946 [84, 85, 86], later followed by
the detection of the same remnant in the GeV energy
range with the Fermi-LAT telescope [87]. Here I will
briefly discuss this case because it is instructive of how the
comparison of theoretical predictions with data can drive
our understanding of the acceleration environment.
A discussion of the implications of the TeV data, together
with the X-ray data on spectrum and morphology was
presented in [88]. A hadronic origin of the gamma ray
emission would easily account for the bright X-ray rims
(requiring a magnetic field of ∼ 160µG), as well as for
the gamma ray spectrum. If electrons were to share the
same temperature as protons, the model would predict a
powerful thermal X-ray emission, which is not detected.
Rather than disproving this possibility, this finding might be
the confirmation of the expectation that at fast collisionless
shocks electrons fail to reach thermal equilibrium with
protons. In fact, the Coulomb collision time scale for this
remnant turns out to exceed its age. On the other hand, it
was pointed out in [89] that even a slow rate of Coulomb
scattering would be able to heat electrons to a temperature
& 1 keV, so that oxygen lines would be excited and they
would dominate the thermal emission. These lines are
not observed, thereby leading to a severe upper limit on
the density of gas in the shock region, that would result
in a too small pion production. [89] concluded that the
emission is of leptonic origin. This interpretation appears
to be confirmed by Fermi-LAT data, that show a very hard
gamma ray spectrum, incompatible with an origin related to
pion production and decay. Clearly this does not necessarily
mean that CRs are not efficiently accelerated in this remnant.
It simply implies that the gas density in this remnant is too
low for efficient pp scattering to contribute to the gamma
ray spectrum.
However, it should be pointed out that models based on
ICS of high energy electrons are not problem free: first,
as pointed out in [88], the density of IR light necessary to
explain the HESS data as the result of ICS is ∼ 25 times
larger than expected. Second, the ICS interpretation requires
a weak magnetic field of order ∼ 10µG, incompatible
with the observed X-ray rims. Finally, recent data on the
distribution of atomic and molecular hydrogen around
SNR RXJ1713.7-3946 [90] suggest a rather good spatial
correlation between the distribution of this gas and the TeV
gamma ray emission, which would be easier to explain if
gamma rays were the result of pp scattering. In conclusion,
despite the fact that the shape of the spectrum of gamma
rays would suggest a leptonic origin, the case of SNR
RXJ1713.7-3946 will probably turn out to be one of those
cases in which the complexity of the environment around
the remnant plays a crucial role in determining the observed
spectrum. Future high resolution gamma ray observations,
possibly with the Cherenkov telescope array (CTA), will
contribute to clarify this situation.
A somewhat clearer case is that of the Tycho SNR, the
leftover of a SN type Ia exploded in a roughly homoge-
neous ISM, as confirmed by the regular circular shape of
the remnant. Tycho is one of the historical SNRs, as it was
observed by Tycho Brahe in 1572. The multifrequency spec-
trum of Tycho extends from the radio band to gamma rays,
and a thin X-ray rim is observed all around the remnant.
It has been argued that the spectrum of gamma rays ob-
served by Fermi-LAT [22] in the GeV range and by VERI-
TAS [23] in the TeV range can only be compatible with a
hadronic origin [91]. The morphology of the X-ray emis-
sion, resulting from synchrotron radiation of electrons in
the magnetic field at the shock, is consistent with a mag-
netic field of ∼ 300µG, which implies a maximum energy
of accelerated protons of ∼ 500 TeV. A hadronic origin of
the gamma ray emission has also been claimed by [25],
where however the steep gamma ray spectrum measured
from Tycho is attributed to an environmental effect: the low
energy flux would be boosted because the shock is assumed
to encounter small dense clumps of material. The flux of
high energy gamma rays is not affected because the clumps
are assumed to have a small size compared with the scat-
tering length of the protons responsible for the production
of TeV gamma rays. In the calculations of [91] the steep
spectrum is instead explained as a result of NLDSA in the
presence of waves moving with the Alfve´n velocity calcu-
lated in the amplified magnetic field. In this latter case the
shape of the spectrum is related, though in a model depen-
dent way, to the strength of the amplified magnetic field,
which is the same quantity relevant to determine the X-ray
morphology. In the former model the steep spectrum might
not be found in another SNR in the same conditions, in the
absence of the small scale density perturbations assumed
by the authors.
The multifrequency spectrum of Tycho (left) and the
X-ray brightness of its rims (right) are shown in Fig. 4
(from [91]). The dash-dotted line in the left panel shows
the thermal emission from the downstream gas (here the
electron temperature is assumed to be related to the proton
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temperature as Te = (me/mp)Tp immediately behind the
shock, and increases with time solely due to Coulomb
scattering, that couples electrons with the warmer protons),
the short-dashed line shows the ICS contribution to the
gamma ray flux, while the dashed line refers to gamma
rays from pion decays. The solid lines show the total flux.
The figure shows rather impressively how the magnetic
field necessary to describe the radio and X-ray radiation as
synchrotron emission also describes the thickness of the X-
ray rims (right panel) and pushes the maximum energy of
accelerated particles to ∼ 500 TeV (in the assumption of
Bohm diffusion).
The case of Tycho is instructive as an illustration of
the level of credibility of calculations based on the theory
of NLDSA: the different techniques agree fairly well (see
[93] for a discussion of this point) as long as only the
dynamical reaction of accelerated particles on the shock
is included. When magnetic effects are taken into account,
the situation becomes more complex: in the calculations
based on the semi-analytical description of [37] the field is
estimated from the growth rate and the dynamical reaction
of the magnetic field on the shock is taken into account
[38, 39]. Similar assumptions are adopted in [94], although
the technique is profoundly different. Similar considerations
hold for [44]. On the other hand, [25] take the magnetic
field as a parameter of the problem, chosen to fit the
observations, and its dynamical reaction is not included in
the calculations. The magnetic backreaction, as discussed
by [38, 39] comes into play when the magnetic pressure
exceeds the thermal pressure upstream, and leads to a
reduction of the compression factor at the subshock, namely
less concave spectra. Even softer spectra are obtained if one
introduces a recipe for the velocity of the scattering centers
[44, 45, 91]. This, yet speculative, effect is not included in
any of the other approaches.
Even more pronounced differences arise when environ-
mental effects are included. The case of Tycho is again use-
ful in this respect: the predictions of the standard NLDSA
theory would not be able to explain the observed gamma
ray spectrum from this SNR. But assuming the existence
of ad hoc density fluctuations, may change the volume in-
tegrated gamma ray spectrum as to make it similar to the
observed one [25]. Space resolved gamma ray observations
would help clarify the role of these environmental effects in
forging the gamma ray spectrum of a SNR.
3 Spectral breaks
Changes in the shape of the spectra of CRs as observed
at Earth are a promising way to gather interesting infor-
mation on the physics of acceleration and propagation.
This justified the great interest in the recent data from
the PAMELA and CREAM experiments [10, 11] that pro-
vide evidence for a change of slope in the spectra of
protons and helium nuclei at rigidity ∼ 200 GV. More
specifically, PAMELA finds that the spectrum of protons
between 80 and 232 GV has a slope γ80−232 = 2.85±
0.015(stat)±0.004(syst), while in the range > 232 GV the
slope becomes γ>232 = 2.67±0.03(stat)±0.05(syst). For
helium nuclei, γ80−240 = 2.766±0.01(stat)±0.027(syst)
and γ>240 = 2.477±0.06(stat)±0.03(syst). The high en-
ergy slopes appear to be in agreement with those measured
by CREAM in the TeV energy range. Two conclusions can
be drawn: first, both spectra appear to have a break at rigid-
ity ∼ 230−240 GV. Second, the spectrum of helium is sys-
tematically harder than the proton spectrum. During this
conference, the AMS-02 collaboration presented prelim-
inary data that do not confirm the evidence for the spec-
tral break, while confirming that the spectrum of helium is
harder than that of protons. No quantitative assessment of
these statements can be made at the present time since the
AMS-02 data have not been published at the time of writing
this review paper.
Independent support to the slope of the proton spectrum
measured by PAMELA came from the analysis of the
gamma ray spectrum of gamma rays from molecular clouds
in the Gould belt [63, 64]. Since the density in these clouds
is very large, the observed gamma ray emission is mainly
due to inelastic pp scattering with pion production. The
spectrum of the parent CRs can be obtained by correcting
for the effect of the cross section and the slope of the proton
spectrum that the authors obtained between 10 and 200 GeV
is compatible with the one measured by PAMELA in the
same energy region. In addition, [63, 64] find evidence for
a low energy flattening of the interstellar proton spectrum at
E . 10 GeV. These findings are also qualitatively confirmed
by the analysis of the Fermi-LAT data of the Galactic diffuse
gamma ray background [65].
In [66, 67] it was suggested that a local source of CRs
might manifest itself in the total spectrum as a spectral
hardening. This possibility becomes more realistic when
the diffusion coefficient has a fast variation with energy,
since in that case the fluctuations in the spectrum become
sizeable (e.g. see [8]). However, these are also the situations
that correspond to a large anisotropy: whenever a source
contributes a flux comparable with the sum of all other
sources, the anisotropy becomes of order unity [68]. This
is the reason why for δ > 0.5 the anisotropy is usually in
excess of observations at sufficiently high energy.
In [69] it was suggested that the observed spectra may re-
flect the efficient CR acceleration at the forward and reverse
shock of young SNRs. The sum of the two, with the con-
cavity induced by the CR dynamical reaction may produce
spectra that resemble the ones that have been observed by
PAMELA. However, one should keep in mind that for the
concave spectra that are predicted in the context of NLDSA,
the observed spectra imply that the diffusion coefficient in
the Galaxy should have a rather fast dependence on energy,
typically D(E) ∼ E0.75, so that again one expects strong
anisotropy in this model, contrary to what is observed.
The fact that the PAMELA spectral feature appears at
the same rigidity for protons and helium is suggestive that it
may be due to propagation effects. Two explanations have
been put forward that are based on subtle aspects of CR
propagation. The first is that the diffusion coefficient can
be space and energy dependent in a non-separable way,
thereby causing a spectral break [70] in the CR spectrum as
measured at the Earth. The second explanation is based on
taking into account both the scattering in the self-generated
turbulence, induced by CRs while streaming in the Galaxy,
and the scattering in a pre-existing turbulence cascading
towards small scales from the much larger scales where
the turbulence is initially injected. In Ref. [71] the authors
show that within this framework the flux of protons agrees
very well with PAMELA and CREAM. It was later showed
[72] that the B/C ratio and other observables are also
well described by this theory, which returns the energy
dependence and normalization of the diffusion coefficient
as well.
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Figure 4: Left Panel: Spatially integrated spectral energy distribution of Tycho. The curves show synchrotron emission,
thermal electron bremsstrahlung and pion decay as calculated by [91]. Gamma ray data from Fermi-LAT [22] and VERITAS
[23] are shown. Right Panel: Projected X-ray brightness at 1 keV. Data points are from [92]. The solid line shows the result
of the calculations by [91] after convolution with the Chandra point spread function.
4 CR acceleration in partially ionized
media and Balmer line emission in SNRs
Hα optical emission from Balmer dominated SNR shocks
is a powerful indicator of the conditions around the shock
[95, 96] including the presence of accelerated particles (see
[97] for a review). The Hα line is produced when neutral
hydrogen is present in the shock region, and it gets excited
by collisions with thermal ions and electrons to the level
n = 3 and decays to the level n = 2. In the following I
describe the basic physics aspects of this phenomenon and
how it can be used to gather information on the CR energy
content at the shock.
A collisionless shock propagating in a partially ionized
background goes through several interesting new phenom-
ena: first, neutral atoms cross the shock surface without suf-
fering any direct heating, due to the collisionless nature of
the shock (all interactions are of electro-magnetic nature,
therefore the energy and momentum of neutral hydrogen
cannot be changed). However, a neutral atom has a finite
probability of undergoing either ionization or a charge ex-
change reaction, whenever there is a net velocity difference
between ions and atoms. Behind the shock, ions are slowed
down (their bulk motion velocity drops down) and heated
up, while neutral atoms remain colder and faster. The re-
actions of charge exchange lead to formation of a popula-
tion of hot atoms (a hot ion downstream catches an electron
from a fast neutral), which also have a finite probability of
getting excited. The Balmer line emission from this popula-
tion corresponds to a Doppler broadened line with a width
that reflects the temperature of the hot ions downstream.
Measurements of the width of the broad Balmer line have
often been used to estimate the temperature of protons be-
hind the shock, and in fact it is basically the only method to
do so, since at collisionless shocks electrons (which are re-
sponsible for the continuum X-ray emission) have typically
a lower temperature than protons. Equilibration between
the two populations of particles (electrons and protons) may
eventually occur either collisionally (through Coulomb scat-
tering) or through collective processes. The broad Balmer
line is produced by hydrogen atoms that suffer at least one
charge exchange reaction downstream of the shock. The
atoms that enter downstream and are excited before suffer-
ing a charge exchange also contribute to the Hα line, but
the width of the line reflects the gas temperature upstream,
and is therefore narrow (for a temperature of 104 K, the
width is 21 km/s). In summary, the propagation of a colli-
sionless shock through a partially ionized medium leads to
Hα emission, consisting of a broad and a narrow line (see
the recent review in [98]).
When CRs are efficiently accelerated at the shock, two
new phenomena occur, as discussed in §2: 1) the tempera-
ture of the gas downstream of the shock is lower than in the
absence of accelerated particles. 2) A precursor is formed
upstream, as a result of the pressure exerted by accelerated
particles.
Both these phenomena have an impact on the shape and
brightness of the Balmer line emission. The lower tem-
perature of the downstream gas leads to a narrower broad
Balmer line, whose width bears now information on the
pressure of accelerated particles, through the conservation
equations at the shock.
The CR-induced precursor slows down the upstream
ionized gas with respect to hydrogen atoms, which again
do not feel the precursor but through charge exchange. If
ions are heated in the precursor (not only adiabatically,
but also because of turbulent heating) the charge exchange
reactions transfer some of the internal energy to neutral
hydrogen, thereby heating it. This phenomenon results in
the broadening of the narrow Balmer line.
A narrower broad Balmer line and a broader narrow
Balmer line are both signatures of CR acceleration at SNR
shocks [97]. The theory of CR acceleration at collisionless
SNR shocks in the presence of neutral hydrogen has only
recently been formulated [99, 100, 101] and has led to the
prediction of several new interesting phenomena.
The presence of neutrals in the shock region changes the
structure of the shock even in the absence of appreciable
amounts of accelerated particles, due to the phenomenon
of neutral return flux [99]. A neutral atom that crosses the
shock and suffers a charge exchange reaction downstream
gives rise to a new neutral atom moving with high bulk
velocity. There is a sizeable probability (dependent upon
the shock velocity) that the resulting atom moves towards
the shock and crosses it towards upstream. A new reaction
of either charge exchange or ionization upstream leads the
atom to deposit energy and momentum in the upstream
plasma, within a distance of the order of its collision length.
On the same distance scale, the upstream plasma gets heated
up and slows down slightly, thereby resulting in a reduction
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of the plasma Mach number immediately upstream of the
shock (within a few pathlengths of charge exchange and/or
ionization). This implies that the shock strength drops,
namely its compression factor becomes less than 4 (even
for strong shocks).
This neutral return flux [99] plays a very important
role in the shock dynamics for velocity Vsh . 3000 km/s.
For faster shocks, the cross section for charge exchange
drops rather rapidly and ionization is more likely to occur
downstream. This reduces the neutral return flux and the
shock modification it produces.
The consequences of the neutral return flux both on
the process of particle acceleration and on the shape of
the Balmer line are very serious: some hydrogen atoms
undergo charge exchange immediately upstream of the
shock, with ions that have been heated by the neutral return
flux. These atoms give rise to a Balmer line emission
corresponding to the temperature of the ions immediately
upstream of the shock. As demonstrated in [100] this
contribution consists of an intermediate Balmer line, with a
typical width of∼ 100−300 km/s. Some tentative evidence
of this intermediate line might have already been found in
existing data (e.g. see [102]).
The most striking consequence of the neutral return flux
is however the steepening of the spectrum of test particles
accelerated at the shock, first discussed in [99]. The effect
is caused by the reduction of the compression factor of
the shock, which reflects on the fact that the slope of the
spectrum of accelerated particles gets softer. This effect is
however limited to particles that diffuse upstream of the
shock out to a distance of order a few collision lengths of
charge exchange/ionization upstream. It follows that the
steepening of the spectrum is limited to particle energies
low enough as to make their diffusion length shorter than
the pathlength for charge exchange and ionization. In Fig. 5
(from [99]) I show the spectral slope as a function of shock
velocity for particles with energy 1, 10, 100, 1000 GeV,
as labelled (background gas density, magnetic field and
ionization fraction are as indicated). One can see that the
standard slope ∼ 2 is recovered only for shock velocities
> 3000 km/s. For shocks with velocity ∼ 1000 km/s the
effect may make the spectra extremely steep, to the point
that the energy content may be dominated by the injection
energy, rather than, as it usually is, by the particle mass.
This situation, for all practical purposes, corresponds to not
having particle acceleration but rather a strong modification
of the distribution of thermal particles. For milder neutral
induced shock modifications, the effect is that of making
the spectra of accelerated particles softer. It is possible that
this effect may play a role in reconciling the predicted CR
spectra with those inferred from gamma ray observations,
although limited to shocks with relatively low velocity,
. 3000 km/s.
So far, I have limited the discussion to the case of test
particle acceleration. However, it is clear that the shock
modification is both due to neutrals and to the dynamical
reaction of accelerated particles (§2).
The theory of NLDSA in the presence of partially ionized
media was fully developed in [101], using the kinetic
formalism introduced in [99] to account for the fact that
neutral atoms do not behave as a fluid, and their distribution
in phase space can hardly be approximated as being a
maxwellian. The theory describes the physics of particle
acceleration, taking into account the shock modification
induced by accelerated particles as well as neutrals, and
Figure 5: Slope of the differential spectrum of test particles
accelerated at a shock propagating in a partially ionized
medium, with density 0.1 cm−3, magnetic field 10µG and
ionized fraction of 50%, as a function of the shock velocity.
The lines show the slope for particles at different energies,
as indicated. The figure is taken from the paper by [99].
magnetic field amplification. The theory is based on a mixed
technique in which neutrals are treated through a Boltzmann
equation while ions are treated as a fluid. The collision term
in the Boltzmann equation is represented by the interaction
rates of hydrogen atoms due to charge exchange with
ions and ionization, at any given location. The Boltzmann
equation for neutrals, the fluid equations for ions and
the non-linear partial differential equation for accelerated
particles are coupled together and solved by using an
iterative method. The calculation returns the spectrum of
accelerated particles at any location, all thermodynamical
quantities of the background plasma (density, temperature,
pressure) at any location, the magnetic field distribution,
and the distribution function of neutral hydrogen in phase
space at any location from far upstream to far downstream.
These quantities can then be used to infer the Balmer
line emission from the shock region, taking into account
the excitation probabilities to the different atomic levels
in hydrogen. An instance of such calculation is shown in
Fig. 6, where I show the shape of the Balmer line for a
shock moving with velocity Vsh = 4000 km/s in a medium
with density 0.1 cm−3 with a maximum momentum of
accelerated particles pmax = 50 TeV/c. The left panel shows
the whole structure of the line, including the narrow and
broad components, while the right panel shows a zoom-in
on the narrow Balmer line region (gray shadowed region in
the left panel). The black line is the Balmer line emission in
the absence of accelerated particles. Allowing for particle
acceleration to occur leads to a narrower broad Balmer line
(left panel) and to a broadening of the narrow component
(right panel). The latter is rather sensitive however to
the level of turbulent heating in the upstream plasma,
namely the amount of energy that is damped by waves
into thermal energy of the background plasma. In fact
turbulent heating is also responsible for a more evident
intermediate Balmer line (better visible in the left panel)
with a width of few hundred km/s. It is worth recalling
that observations of the Balmer line width are usually
aimed at either the narrow or the broad component, but
usually not both, because of the very different velocity
resolution necessary for measuring the two lines. Therefore
the intermediate line is usually absorbed in either the broad
or the narrow component, depending on which component
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Figure 6: Left Panel: Shape of the Balmer line emission for a shock moving with velocity Vsh = 4000 km/s in a medium
with density 0.1 cm−3, as calculated by [101]. The thick (black) solid line shows the result in the absence of particle
acceleration. The other lines show the broadening of the narrow component and the narrowing of the broad component
when CR are accelerated with an injection parameter ξin j = 3.5 and different levels of turbulent heating (ηTH ) as indicated.
Right Panel: Zoom in of the left panel on the region of the narrow Balmer line, in order to emphasize the broadening of the
narrow component in the case of efficient particle acceleration.
is being measured. This implies that an assessment of
the observability of the intermediate Balmer component
requires a proper convolution of the predictions with the
velocity resolution of the instrument.
At the time of this review, an anomalous shape of the
broad Balmer line has been reliably measured in a couple
of SNRs, namely SNR 0509-67.5 [103, 104] and SNR
RCW86 [105]. As I discuss below, the main problem in
making a case for CR acceleration is the uncertainty in
the knowledge of the shock velocity and the degree of
electron-ion equilibration downstream of the shock. The
ratio of the electron and proton temperatures downstream is
indicated here as βdown = Te/Tp. The other parameters of
the problem have a lesser impact on the inferred value of
the CR acceleration efficiency.
The SNR 0509-67.5 is located in the Large Magellanic
Cloud (LMC), therefore its distance is very well known,
50± 1 kpc. [103, 104] carried out a measurement of the
broad component of the Hα line emission in two different
regions of the blast wave of SNR 0509-67.5, located in the
southwest (SW) and northeast (NE) rim, obtaining a FWHM
of 2680±70 km/s and 3900±800 km/s, respectively. The
shock velocity was estimated to be Vsh = 6000±300 km/s
when averaged over the entire remnant, and 6600± 400
km/s in the NE part, while a value of 5000 km/s was used by
[103, 104] for the SW rim. The width of the broad Balmer
line was claimed by the authors to be suggestive of efficient
CR acceleration. In order to infer the CR acceleration
efficiency the authors made use of the calculations by [106],
that, as discussed by [107], adopt some assumptions on the
distribution function of neutral hydrogen that may lead to a
serious overestimate of the acceleration efficiency for fast
shocks. Moreover, a closer look at the morphology of this
SNR, reveals that the SW rim might be moving with a lower
velocity than assumed in [103, 104], possibly as low as
∼ 4000 km/s. Both these facts have the effect of implying a
lower CR acceleration efficiency, as found by [108].
In Fig. 7 (from [108]) I show the FWHM of the broad
Balmer line in the SW rim of SNR 0509-67.5 as a function
of the acceleration efficiency, for shock velocityVsh = 4000
km/s (on the left) and Vsh = 5000 km/s (on the right) and
a neutral fraction hN = 10%. The shaded area represents
the FWHM as measured by [103, 104], with a 1σ error
bar. The curves refer to βdown = 0.01, 0.1, 0.5, 1 from
top to bottom. For low shock speed and for full electron-
ion equilibration (βdown = 1) the measured FWHM is still
compatible with no CR acceleration. On the other hand,
for such fast shocks, it is found that βdown 1 [109, 98],
in which case one can see that acceleration efficiencies of
∼ 10−20% can be inferred from the measured FWHM.
The case of RCW86 is more complex: the results of a
measurement of the FWHM of the broad Balmer line were
reported by [105], where the authors claimed a FWHM of
1100±63 km/s with a shock velocity of 6000±2800 km/s
and deduced a very large acceleration efficiency (∼ 80%).
In a more recent paper by the same authors [110], the results
of [105] were basically retracted: several regions of the SNR
RCW86 were studied in detail and lower values of the shock
velocity were inferred. Only marginal evidence for particle
acceleration was found in selected regions. The morphology
of this remnant is very complex and it is not easy to define
global properties. Different parts of the SNR shock need
to be studied separately. In addition, the uncertainty in the
distance to SNR RCW86 is such as to make the estimate of
the acceleration efficiency even more difficult.
Anomalous widths of narrow Balmer lines have also been
observed in several SNRs (see, e.g. [111]). The width of
such lines is in the 30-50 km/s range, implying a pre-shock
temperature around 25,000-50,000 K. If this were the ISM
equilibrium temperature there would be no atomic hydrogen,
implying that the pre-shock hydrogen is heated by some
form of shock precursor in a region that is sufficiently thin
so as to make collisional ionization equilibrium before the
shock unfeasible. The CR precursor is the most plausible
candidate to explain such a broadening of the narrow line.
Most important would be to have measurements of the
width of the narrow and broad components (and possibly
intermediate component) of the Balmer line at the same
location in order to allow for a proper estimate of the CR ac-
celeration efficiency. Co-spatial observation of the thermal
X-ray emission would also provide important constraints
on the electron temperature. So far, this information is not
yet available with the necessary accuracy in any of the as-
trophysical objects of relevance.
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Figure 7: FWHM of the broad Balmer line as a function of the CR acceleration efficiency for the SNR 0509-67.5,
as calculated by [108], assuming a shock velocity Vsh = 4000 km/s (left panel) and Vsh = 5000 km/s (right panel)
and a neutral fraction hN = 10%. The lines (from top to bottom) refer to different levels of electron-ion equilibration,
βdown = 0.01, 0.1, 0.5, 1, The shadowed region is the FWHM with 1σ error bar, as measured by [103].
Recent observations of the Balmer emission from the
NW rim of SN1006 [112] have revealed a rather complex
structure of the collisionless shock. That part of the remnant
acts as a bright Balmer source, but does not appear to be
a site of effective particle acceleration, as one can deduce
from the absence of non-thermal X-ray emission from that
region. This reflects in a width of the broad Balmer line
that appears to be compatible with the estimated shock
velocity in the same region, with no need for the presence
of accelerated particles. The observations of [112] provide
however a rather impressive demonstration of the huge
potential of Balmer line observations, not only to infer the
CR acceleration efficiency, but also as a tool to measure the
properties of collisionless shocks.
5 Summary
In this paper I reviewed some recent observational results
and their interpretation, with focus of what we can learn in
terms of CR acceleration and propagation. Our understand-
ing of the origin of the bulk of Galactic CRs is still strongly
based upon the so-called SNR paradigm, but the structure
of the paradigm is constantly adapting to the wealth of data
that are being collected (§2). The detection of X-ray non-
thermal X-ray filaments has triggered a flood of investiga-
tions of magnetic field amplification, a phenomenon that
plays a central role in the SNR paradigm as a tool to reach
energies close to the knee. Despite much theoretical work
is being done to understand the different mechanisms that
may produce magnetic field amplification on the relevant
scales, a clear understanding of how it may be possible to
reach energies as high as the knee energy in SNRs is all but
achieved at the present time (see discussion in §2).
Gamma ray observations in the GeV and TeV energy
band have provided us with the first direct evidence for pro-
ton acceleration in SNRs. Most evidence does in fact refer
to SNRs near molecular clouds: these sources are proba-
bly more useful indicators of CR propagation around the
sources than they are tools to understand acceleration. On
the other hand, gamma rays from individual SNRs, such
as RXJ1713.7-3946 and Tycho have taught us a great deal
on acceleration of CRs, but also made us realize the limits
of our theoretical formalism. In all these cases, it appears
that environmental effects (for instance inhomogeneous dis-
tribution of the target gas) affects the spectrum of the ob-
served radiation more than details of our theories. There
is however a more general problem that arises from com-
paring the predictions of NLDSA with observations: the
former leads us to predict relatively hard spectra of accel-
erated particles, which in turn force us to require a rather
strong energy dependence of the Galactic diffusion coef-
ficient. Such diffusion coefficient appears to be in contra-
diction with the relatively low observed anisotropy of high
energy CRs. Moreover, statistically speaking, the spectra
of gamma ray emitting SNRs seem to be too steep with
respect to the basic theory of NLDSA.
Much attention has been dedicated to studying the prob-
lem of escape of particles from SNRs, although this phe-
nomenon remains poorly understood. A simple argument
can be written down to show that the spectrum of escap-
ing CRs (integrated in time through the history of the SNR
expansion) is steeper than the instantaneous spectrum of
accelerated particles. The latter is expected to reflect more
directly in the spectra of the gamma ray emission from indi-
vidual SNRs.
All these reasons for concern can only be properly
addressed observationally by carrying out observations
with as high angular resolution as possible and on a large
energy span. In Gamma rays this will be possible with the
upcoming Cherenkov Telescope Array, both by observing
spectrum and morphology of individual SNRs as well as by
studying the escape flux through the signatures it may leave
on the gamma radiation from molecular clouds illuminated
by CRs accelerated in a nearby SNR. Whether this will be
sufficient to solve our open problems it remains to be seen.
The detection of spectral breaks in the spectra of protons
and helium nuclei by PAMELA (in agreement with what
measured by CREAM at higher energies) stimulated a
vast interest, as these breaks may be suggestive of new
phenomena in either acceleration or propagation. In §3 I
summarized some of the models put forward to explain
these data. Unfortunately, the AMS-02 preliminary data
presented during this ICRC have cast doubts on the very
existence of such breaks. It will take time to clarify if the
PAMELA spectral features are real or the artifact of the
measurement.
I dedicated the last part of the review (§4) to discuss a
novel way to look for CR acceleration in SNRs, using the
widths (and intensities) of the Balmer lines produced when
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a SNR shock propagates in a partially ionized medium.
This technique has a great potential for discovery and will
hopefully inspire observers in dedicating observational time
to this type of measurement.
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